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ABSTRACT

We have developed a model for reflection nebulae around luminous infrared sources embedded in dense
dust clouds. The aim of this study is to determine the sizes of the scattering grains. In our analysis, we have
adopted an MRN-like power-law size distribution (Mathis, Rumpl, and Nordsieck) of graphite and silicate
grains, but other current dust models would give results which were substantially the same. In the optically
thin limit, the intensity of the scattered light is proportional to the dust column density, while in the optically
thick limit, it reflects the grain albedo. The results show that the shape of the infrared spectrum is the result of
a combination of the scattering properties of the dust, the spectrum of the illuminating source, and foreground
extinction, while geometry plays a minor role. Comparison of our model results with infrared observations of
the reflection nebula surrounding OMC-2/IRS 1 shows that either a grain size distribution like that found in
the diffuse interstellar medium, or one consisting of larger grains, can explain the observed shape of the spec-
trum. However, the absolute intensity level of the scattered light, as well as the observed polarization, requires
large grains (~ 5000 A).

By adding water ice mantles to the silicate and graphite cores, we have modeled the 3.08 um ice band
feature, which has been observed in the spectra of several infrared reflection nebulae. We show that this ice
band arises naturally in optically thick reflection nebulae containing ice-coated grains. We show that the
shape of the ice band is diagnostic of the presence of large grains, as previously suggested by Knacke and
McCorkle. Comparison with observations of the BN/KL reflection nebula in the OMC-1 cloud shows that

large ice grains (~ 5000 A) contribute substantially to the scattered light.
Subject headings: infrared: sources — infrared: spectra — interstellar: grains — nebulae: reflection

I. INTRODUCTION

It is well known that the properties of interstellar dust inside
dense molecular clouds differ from those of dust in the diffuse
interstellar medium. Extinction observations show that the
ratio R = A,/Eg_, is larger in molecular clouds than in the
diffuse medium. This is generally taken to imply a larger mean
grain size in such regions. Likewise, the wavelength where
polarization reaches maximum, A, is larger in dense molecu-
lar clouds than in the diffuse interstellar medium, again indi-
cating a large grain size (see Savage and Mathis 1979 for
review). These two measures of grain size correlate very well,
further strengthening this conclusion. An increase in the
average grain size will have a pronounced influence on the
scattering properties of the dust, a question that we investigate
in this study. Two processes which would account for larger
grain size are grain coagulation and the growth of ice mantles
(Jura 1980; Tielens 1989).

Classical reflection nebulae, such as NGC 2023 and the
Merope nebula, have been studied extensively at visual and
near-infrared wavelengths (see Witt 1989 and Sellgren 1989, for
recent review). In this study, we concentrate on infrared reflec-
tion nebulae, dusty regions in dense molecular clouds that are
illuminated by embedded infrared sources. Recent observa-
tions have shown that infrared reflection nebulae are common
in star-forming regions (Tokunaga, Lebofsky, and Rieke 1981;
Werner, Dinerstein, and Capps 1983; Lenzen, Hodapp, and
Solf 1984; Pendleton et al. 1986) and that the bulk of the
near-infrared (1-5 um) radiation in many such regions is scat-
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tered light. Detailed observational studies of such reflection
nebulae have revealed important information on the spatial
structure of star-forming regions (Werner, Dinerstein, and
Capps 1983). Such studies can also be used to constrain the
scattering properties of the reflecting dust. The latter is the goal
of this article. We present comparisons of theoretical models of
infrared reflection nebulae to infrared observations of reflec-
tion nebulae in the Orion molecular cloud 1 (OMC-1) and
Orion molecular cloud 2 (OMC-2), demonstrating the useful-
ness of infrared reflection nebulae as probes of dust grain
properties in regions of star formation. Similar theoretical
studies of visual reflection nebulae have been undertaken by,
among others, Witt (1977), White (1979), and Sellgren (1984).
The goal of this study is to determine the dust properties in
infrared reflection nebulae. The approach is twofold: (1) model
the overall brightness and shape of the near-infrared spectra of
infrared reflection nebulae and (2) investigate the effects of scat-
tering on the 3.08 um ice absorption band, a feature which has
been detected toward protostellar sources and is seen in infra-
red reflection nebulae. The 3.08 um feature is commonly attrib-
uted to absorption by water ice; however, the presence of NH,
has also been inferred from a 2.9 um wing on the H,O ice band
which has been detected toward some deeply embedded
objects (Knacke et al. 1982). Scattering by large water ice par-
ticles can also produce an apparent absorption feature at ~2.9
pum, and has been put forth as an alternative explanation for
this wing (Knacke and McCorkle 1987). We present further
evidence supporting this suggestion as well as arguments
which demonstrate that, in both OMC-1 and OMC-2, the
infrared reflection nebulae appear to contain grains which are
larger than grain sizes typical of the interstellar medium.
Rouan and Leger (1984) arrived at a similar conclusion for the
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FiG. 1.—Possible scenario for the formation of an infrared reflection nebula around a protostar, where the strong stellar wind has blown a large cavity around the

central illuminating object.

grains in the BN/KL reflection nebula, based on an analysis of
the observed intensity and degree of polarization of the scat-
tered light. Recent work by Yamashita et al. (1989) also sug-
gests the presence of large grains in the infrared reflection
nebulae associated with GL 490 and R Mon.

In § IT we present our model and derive simple formulae
describing the reflected intensity from an infrared reflection
nebula. In § III, the parameters of the dust model are present-
ed. We discuss the impact of multiple scattering on the model
based on an analysis of isotropic scattering in regions of high
optical depth. Section IV contains results of a parameter space
study which covers variations in geometry and in grain proper-
ties. Applications to infrared reflection nebulae in OMC-1 and
OMC-2 are presented in § V. Conclusions are given in § VL.

II. SCATTERING NEBULA

We have calculated the near-infrared spectrum of the light
scattered by grains in infrared reflection nebulae. The physical
model assumed in this work is shown in Figure 1, which is a
possible scenario for the formation of an infrared reflection
nebula around a protostar. In this picture, first suggested by
Downes et al. (1981) for the KL nebula in the OMC-1 region,
part of a molecular cloud collapses to form a protostar.
Because angular momentum is conserved during the collapse,
a dusty disk is formed around the central protostar. A strong
stellar wind from the newly formed star will create a large
cavity around the central object and will sweep up the sur-
rounding molecular cloud material into two lobes. In such an
asymmetric density distribution, stellar photons, either direct
or reprocessed by the disk, can escape more freely along the
poles than through the equatorial plane. The material in the
lobes forms the infrared reflection nebula where photons from
the central illuminating source are scattered toward the obser-
ver.

Our study has focused on the 1-5 um region in order to
model the overall shape and brightness of the near-infrared
energy distributions in reflection nebulae. We have used graph-
ite, silicate, and water ice grains to model the near-infrared
absorption and scattering produced by interstellar grains (see
§ III). The reflection nebula is represented by a plane-parallel
slab which scatters starlight, I,, incident at an angle 6,,

through a total angle, ¢, to produce the observed scattered
light, I, (Fig. 2). Note that, by convention, forward scattering
(6 = 0°) corresponds to the direction along the incident beam.
Thus, in our notation, ¢ = 180° — (8 + 6,). The extinction
optical depth for normal incidence of the slab is denoted by 7,
while the optical depth along the line of sight through the
nebula is given by 7, thus, T = 7, cos 6.

SCATTERING ANGLE
¢ =180° - (0 +0,)

SWEPTUP < 7

MATERIAL ) “

red — o SURROUNDING
A MOLECULAR CLOUD

v
V OBSERVER

FIG. 2.—Schematic drawing of the geometry used in our model. The nebula
is locally approximated by a plane-parallel slab. Optical depth along our line
of sight is given by 7, and is related to the optical depth of the slab by
T = 1, cos 0, where ¢ = 180° — (6 + 6,) represents the total scattering angle.
The incident angle and incident flux are given by 6, and =F, respectively.
Additional extinction from circumstellar material or foreground extinction
may contribute an amount 7, to the total extinction.
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Consider a parallel beam of radiation of net flux #F per unit
area which illuminates a plane-parallel slab of optical depth
at an angle 0,. The angular distribution of the diffusely reflec-
ted intensity, I(t, u), at the surface (t = 0) in the direction 0,
can be expressed in terms of a scattering function, S (u, u),
such that

L0, ) =— V(u, w) 0<p<t, )
where u =cos 6 and p, = cos 6, (Chandrasekhar 1960) as
shown in Figure 2. If the nebula is illuminated by a star of
temperature T, and radius R,, which is a distance d,, from
the nebula, F is given by

F= (R* )ZB(/I, T,), )
dneb

where B(4, T,) is the Planck function. In general besides the
scattering angles the scattering function, %, is also dependent
on the dust-scattering properties and the total optical depth of
the slab.

a) Semi-infinite Atmospheres

For isotropic scattering in a semi-infinite slab, the scattering
function, &(u, ue), is independent of the total optical depth and
can be expressed as

S (W po) = wo H(WH (o) , ©)

u + ﬂo
where H(u) is the H function (Chandrasekhar 1960) and w,, is
the average grain albedo (see § III). The scattered intensity is
then given by

140, @) = Fawo po HWH(uo)/4(u + o) - C)

The H(u) functions are given by nonlinear integral equations
where

1
H(w) = 1 + oo kH(p) j [H@Y (e + w)lde . ()

In general, the H(u) function depends on the albedo of the
scattering material as well as on the scattering angle. For small
albedos, these dependences can be factored out such that

Hpw) =1+ w0 f(W), (6)

so that f (1) contains the geometrical factors. The integral equa-
tion for H(u) can then be solved to give

H(u)=1+Mln<1+1>. %)
2 I

Comparison with the exact solution for H(u) tabulated by
Chandrasekhar (1960) shows that this first-order solution is
accurate for any u value to within 25% for albedos less than
0.7. The accuracy (< 1%) will be much higher for lower albedos
(wo < 0.1), and therefore equation (7) is appropriate for this
analysis, because the average grain albedo considered here is at
most 0.5 and is generally much less. In the limit of low albedo,
the H functions are unity and the spectrum of a semi-infinite
scattering nebula reflects the albedo directly, so that

Ho

10, ) = Fa, Wt )
0

@
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b) Finite Atmospheres

For finite atmospheres, the scattering function in equation
(1) is given by

F (1 po) = o[ X (W)X (o) — Y)Y ()], (9

Hio
B+l
where for small optical depths (r <0.5), the X- and Y-
functions can be approximated by

X(u) = 1 + Ap(l — e~ ) , (10)
and
Y(p) =e ™ + Atu(l — e ), )

The functions X(u) and Y(u) are related to the reflected
and transmitted radiation components, respectively
(Chandrasekhar 1960). The expression for Az is given by

10o{1 — [E,(1]%}
[3 — Es@{1 — w01 — E;(1)]}°

where E, is the exponential integral of degree n (Abramowitz
and Stegun 1970). For calculations in regions of intermediate
optical depth (0.05 < t < 0.5), the scattering function (eq. [9])
will give satisfactory representation. For 7 < 0.05, the optically
thin limit suffices; only the first terms in the equations for X
and Y need to be taken into account, and the intensity
becomes

At =

(12)

Ho _
wal1 — (1/p+1/po)
s 4 U + Lo 0[ ]
Fr
- sca 13
y (13)
In equation (13), 7, is the scattering optical depth along the
line of sight given by
Tsca(;t) =ngng Csca L (14)

where n, is the dust density per H atom, n,, is the density of H
nuclei (i.e., ny = 2ny, + ny, where ny, is the density of H, mol-
ecules and ny is the hydrogen atom density), C,, is the scat-
tering cross section, and L is the thickness of the slab along our
line of sight. Thus, in the optically thin limit, the scattered
intensity is proportional to the column density of dust along

the line of sight.
¢) Single Scattering Limit
In the case of low albedo (w, < 1), multiple scattering is
unimportant, and one can derive an angular-dependent

formula for the scattered intensity based on the following
general formalism (Pendleton 1987). For single scattering,

I,=nF —= | exp| —1 l+ dl , 15
0 L p e (15)

where dC, ,/dQ is the differential scattering cross section and /
is measured along the line of sight. This yields

E ) e B Ol
1,= Lo Vi —exp| —t {1 +E)|},
Cext( aQ ><#+”0 P L Ho

(16)
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where C,,, is the extinction cross section. In the optically thick
limit, this reduces to

I = (dcsca>< Ho >
* ext dQ u + Ho ’

which, for isotropic scattering (i€, dC,/dQ = C,,/4n),
reduces to equation (8). In the optically thin limit, we arrive at

I, = nFn,,<d§g“>L

17)

(18)

Again, in the isotropic scattering case we recover equation (13).
These equations allow estimates of the effects of nonisotropic
scattering to be made. When multiple scattering is important
and the grain scatters nonisotropically, calculation of the
emergent spectrum of a reflection nebula requires a numerical
radiative transfer model. Given the current observations and
the relatively few possible constraints on such models, develop-
ment of such a complex model seems unwarranted at present.
Moreover, we think that the essential characteristics of infra-
red reflection nebulae (i.e., dependence of dust grain properties,
geometry, etc.) are well represented by our semianalytical
model.

d) Summary of Scattering Nebulae

Summarizing this discussion, three different optical depth
cases are discussed in isotropically scattering nebulae. These
are (1) the semi-infinite nebula (z ., > 1), where equation (4)
applies; (2) the optically thin atmosphere (7., < 1), where
equation (13) applies; and (3) the intermediate case for a finite
atmosphere where equations (9)«(12) apply. When multiple
scattering effects are negligible, equations (17) and (18) apply
and can be used to study the effects of nonisotropic scattering.
Finally, additional extinction, 7,, due to circumstellar cloud
material or foreground material, may also contribute to the
total extinction as shown in Figure 2 such that

Ips=1Ie7™, (19)

where I, is the observed intensity. In our models, we will
assume that the foreground and nebula dust have the same
absorption and scattering properties.

III. DUST MODEL

It is reasonable to assume that the dust in the interstellar
medium is characterized by a grain size distribution made up
of several different components. Therefore, we consider a grain
size distribution in our model. In a grain size distribution, n(a),
between upper and lower size limits a, and a_, the average
extinction, scattering, and differential scattering cross sections,
Coxts Cocar and dC,,/dQ, are defined by

Coxte = Z n(a)C (20)
Coea = n— Z f n(a)CJa)da , 21
n,, j

where C.(a), C(a), and dCs(a)/dQ are the Mie extinction, scat-
tering, and differential scattering cross sections of a grain of
radius a, where it is understood that the integrals are evaluated
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for each grain component (i.e., silicate or graphite; see § IIla)
separately and then summed. The grain density is given by

ng= Z J‘Hn(a)da (23)
Jj Ja-
and the albedo is
0o = Coxt/Cocq - (24)
We can also define the scattering and extinction opacities
Ksca = Mg Cycq » (25)
and
Kext = Mg Coxq - (26)

In general, the differential scattering cross section will be differ-
ent for light with electric vector parallel and perpendicular to
the scattering plane, thus leading to polarization of the scat-
tered light. In the Rayleigh limit, there is a particularly simple
relationship between the polarization and the scattering angle

—cos? ¢
1 +cos? ¢

(¢ = 180° — [0 + 0,]; see Fig. 2), and polarization provides
direct insight into the geometry of the scattering region. For
nonisotropic scattering, the polarization produced by the grain
size distribution of particles can be computed for an optically
thin (and therefore single scattering) nebula as follows:

2ot iy —ip)n(a)da
Y Jar G +ipna)da’

where i and i, are the scattered irradiances for incident light
polarized parallel and perpendicular to the scattering plane,
respectively (Bohren and Huffman 1983). In this notation, the
relationship between the irradiances and the differential scat-
tering cross section is given by

P(¢) = (27)

P =

(28)

dCpy iy +1i
aQ - 22

where k = 2n/A. The intensity of the light with electric vector
components scattered parallel to and perpendicular to the
scattering plane are i and i, .

For scattering by a grain size distribution, then, the impor-
tant dust properties are given by equations (24), (25), and (26).

a) MRN Distribution

Although other equally good dust models have been pro-
posed (Greenberg and Chlewicki 1984; Jones, Duley, and Wil-
liams 1986), we have chosen the model developed by Mathis,
Rumpl, and Nordsieck (1977) (MRN) as an example of a model
which works well in the visible and UV portions of the spec-
trum and which can be readily extrapolated to the near-
infrared. In the MRN model, the observed interstellar
extinction of starlight is produced by a mixture of graphite and
silicate grains with the following power-law distribution of
sizes:

(29)

n{a)da = A;nya*%da, a_<a<a,, (30)

where nfa)da is the number density of grains of type i with
radius in the interval [a, a + da], ny is the number density of H
nuclei, and a is the grain radius. The grain abundances, implicit
in the A;, have been determined by fitting the visible/UV
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F1G. 3.—Plot of ice mantle thickness, Aa, vs. percentage of oxygen incorpo-
rated into the ice for the MRN [0.005 < a(um) < 0.25] and large-grain model
[0.225 < a(um) < 0.8]. All size grains receive the same thickness mantle.

extinction curve (Mathis, Rumpl, and Nordsieck 1977). In the
models we refer to as MRN, we have adopted the upper and
lower cutoffs to the size distribution to be a_ = 0.005 um and
a, = 0.25 um, where the 4; are 10~25-1! cm?-5/H and 1072516
cm?-3/H corresponding to ~60% and ~90% of the available
carbon and silicon, respectively, in the form of grains, recently
redetermined by Draine and Lee (1984).

b) Large-Grain Model

In view of the observational evidence for grain growth in
dense molecular clouds, we have explored the effect of varying
the grain size limits, holding the power law fixed at —3.5.
Although the slope of the grain size distribution may also vary,
a full analysis of the effects of coagulation, which would
account for a difference in slope, is beyond the scope of this
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paper. The large grain model case which we explored consisted
of grain cores which ranged from 0.225 to 0.8 um. The upper
limit was selected to include grains large enough to demon-
strate the contribution of large grain scattering to the ice
extinction feature. The lower limit was determined by con-
straining the total amount of mass contained in the cores con-
stant when going from the MRN to the large case.

¢) Ice Mantles

Since the rate at which the ice volume of a grain increases is
proportional to its surface area (Draine 1985), all grains within
the distribution receive the same coating of ice regardless of
grain size. For a power-law grain size distribution with index
~ —3.5, small grains dominate the total surface area, and most
of the ice is actually on the small grains. Following Draine
(1985), the mantle thickness was determined as a function of
the percentage of oxygen. The results are shown in Figure 3 for
the MRN and large-grain models.

d) Scattering and Extinction Cross Sections

Mie scattering cross sections were calculated using the code
developed by Bohren and Huffman (1983). The refractive
indices (m = n + ik) for graphite and silicate in the near-
infrared were taken from Draine and Lee (1984), while the
refractive indices for 80 K water ice between 2.7 < 1 < 3.4 um
have been measured by Hagen, Tielens, and Greenberg
(1983a). The optical constants for ice at wavelengths outside
this region were taken from the compilation by Warren (1984).

A comparison of the scattering and extinction opacities, K.,
and k., for the MRN and large-grain models, with 20%
oxygen in the form of ice mantles, is presented in Figure 4aq,
where it is readily apparent that, except at the shortest wave-
lengths, the MRN curves follow Rayleigh behavior (i.e., k., ~
2~%) while the large grain curves do not. Although ice is unim-
portant in scattering in the MRN case, it does dominate the
extinction around 3 um. For large grains, scattering in the 3
um ice band is much more pronounced, a direct consequence
of the increase in the overall size of the icy grains (see Fig. 3).
The structure around 3 um in the scattering opacity of the
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FI1G. 4—(a) Plot of the scattering and extinction opacities per hydrogen atom, k,,,(cm ! H™') and x,,(cm ™! H™!), respectively. Solid lines represent the MRN
model, and dashed lines represent the large grain model. Both models have ice mantles containing 20% of the available oxygen. Except at the shortest wavelengths,
the MRN curves follow Rayleigh behavior (x,,, ~ 4™), while the large-grain curves do not. Although ice is unimportant in scattering in the MRN case, it does
dominate the extinction around 3 um. For large grains, scattering in the 3 um ice band is much more pronounced. (b) Plot of the grain albedo vs. wavelength for the
MRN (solid line) and large-grain models (dashed line). Note that, although the ice band extinction peaks at 3.05 um, in the albedo this is shifted to ~3.0 um. The
presence of the ice has little effect far from this resonance in either scattering or extinction.
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large grains directly reflects the anomalous dispersion of ice
across its OH stretching resonance at 3.08 um. Indeed, for a
“soft” particle (i.e., n ~ 1 and k ~ 0), the scattering efficiency,
Q..., is directly proportional to the phase lag, p, of the electro-
magnetic wave passing through the grain (Greenberg 1978)
given by
4

p="2m—1), (1)
so that the scattering cross section is approximately pro-
portional to the real index of refraction, n.

The 3.08 um ice band is much more pronounced in the
extinction curve of the MRN model than in that of the large
grain model. This decrease in the relative strength of the ice
band is due to a decreased contrast with the continuum
resulting from the increased scattering cross section of the large
grains.

A comparison of the albedo for both the MRN and large-
grain models with 100% oxygen is shown in Figure 4b. In the
MRN case, extinction dominates and the albedo is generally
small. For the large-grain model, the albedo is higher (due to
the larger grain size) and somewhat flatter (due to the less steep
wavelength dependence of scattering by the larger grains).
Note also that, while the scattering cross section is proportion-
al to /13‘ 4, the wavelength dependence of the albedo is less steep
(~A73).

The apparent ice bands in the albedo curves (Fig. 4b) differ
from those in the extinction curve (Fig. 4a). For the MRN case,
this is the result of the steep rise in the “ continuum  scattering
across the 3.08 um feature, which has broadened the apparent
feature considerably. In the large grain case, scattering by ice is
very important in the 3 um region (see Fig. 4a), resulting in a
pronounced shift of the ice band to shorter wavelengths.

IV. PARAMETER SPACE STUDY

The free parameters in the model are the optical properties
of the grain materials, the limits in the grain size distribution,
the dust column density, the geometry, the distance from the
source to the scattering location, and the intrinsic flux and
spectrum of the source. The parameters adopted in our stan-
dard model, based on the Pendleton et al. (1986) observations
of OMC-2, are given in Table 1. The distance from Earth to
OMC-2 is taken to be 500 pc. In the case of OMC-2, the
luminosity and effective temperature of the illuminating
source, IRS 1, were well established in a previous paper
(Pendleton et al. 1986). We adopt these results and fix the
intrinsic flux and illuminating spectrum by assuming black-
body radiation from an 800 K (dusty) object with a total lu-
minosity of 500 L. For simplicity, we selected an incident inten-
sity angle (6,) of 0°, which means that the incident light enters
perpendicular to the plane parallel slab (see Fig. 2), but this
assumption is of little consequence (see § IVd). Several of the
parameters in our standard model will be varied in turn in the
following discussion.

a) Optical Depth and Source Temperature Effects

Optical depth effects in an isotropic scattering nebula have
been evaluated for the three cases (optically thin, semi-infinite
slab, and intermediate optical depth) discussed in § II. For the
optically thin and intermediate cases, the optical depth at 1.25
um has been set equal to 0.05 and 0.5, respectively. At other
wavelengths, the optical depth is calculated according to the
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TABLE 1A
STANDARD MODEL PARAMETERS
Parameter Value
Stellar Parameters:

Luminosity ........ccoveeveiiieiiiiiieennnnnnnn. 500 L?

Radius ....oovnviniiiiiiiiieieeeeeeaans 8.3 x 10'3 cm
Temperature ...........coeeviieevveneeannnnnn. 800 K

Nebular Parameters:
Distance from source to nebula, d,,, ........
Incoming angle, 0 ....ooevvvneiiinnennnnnn.. 0°
Outgoingangle, 0 ..............ccoveeninn... 75°

TABLE 1B
COMPARISON OF GRAIN MODELS

MRN Grain
Parameter Size Distribution® Large-Grain Model*
Lower Limit,a_ ............ 0.005 um 0.225 ym
Upper Limit,a, ............ 0.25 ym 0.8 um

10—25.16cm2.5 H—l
10—25.11 cmz.s H—l

10—25.16 cmz.s H—l
10—25.11 cmZ.S H—l

Silicate Abundance, 4;; ....
Carbon Abundance, 4, ....
Number of Dust

Grains, n,® ...............

332 x 1078H™! 245 x 10712H!

* Either the MRN or large-grain model was used.
® Calculated using eq. (23).

extinction law (see eq. [14]). The optical depth as discussed
here refers to the optical depth of the slab, 7, as shown in
Figure 2.

Figure 5 shows the variation of surface brightness versus
wavelength for the three optical depth cases for an MRN dis-
tribution of grains observed at a scattering angle of 60°. For
small optical depths the overall brightness level increases with
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F1G. 5—Plot of surface brightness (W cm™2 um™*! sr™!) vs. wavelength
(um) for isotropic scattering by the MRN and large-grain models, with no ice
mantles, at a scattering angle of 60°, for three optical depth cases (thick, thin,
and intermediate) using the standard model parameters listed in Table 1. Solid
and dashed lines represent the MRN and large grain model cases, respectively.
For the optically thin and intermediate cases, the optical depth at 1.25 um was
defined to be 7 = 0.05 and 0.5, respectively. Optical depths at all other wave-
lengths were calculated based on the extinction law (Fig. 4a). In the optically
thick cases, the scattered light reflects the albedo and is independent of the
column density. At low optical depths, the reflected light is proportional to the
scattering optical depth.
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an increase in t,, (see eq. [14]). As the optical depth becomes -

large, shadowing becomes important and the intensity
becomes proportional to the albedo of the grains. Essentially,
at low optical depths one sees all the particles, while at high
optical depths only the “surface” of the nebula is seen. Note
that as the optical depth increases, the shorter wavelengths
become optically thick first and rapidly approach the semi-
infinite slab model while the longer wavelengths are still opti-
cally thin (Fig. 5).

The assumed shape of the illuminating source (blackbody
radiation at 800 K) dominates the shape of the reflected spec-
trum, most notably at the shorter wavelengths. For a hotter
blackbody source (1500 K), the turnover in the spectrum shifts
toward shorter wavelengths (Fig. 6). Adding foreground extinc-
tion to a hotter blackbody illuminating source will produce a
reflected spectrum very similar to the 800 K curve (see Fig. 6).

b) Grain Size Limits

Figure 5 contains results for the large-grain model for the
optically thin, semi-infinite slab, and intermediate cases. A
comparison of the MRN case to the large case shows that the
general shape of the curves is similar, although the flux level is
higher for the large grain case, because larger particles scatter
more effectively. Indeed, the average albedo is quite high
(w = 0.8 at 1.25 um) in the large grain case.

¢) Shape of the Ice Band

We investigated the effects of adding ice mantles to the
MRN distribution of graphite and silicate grains. Figure 7
shows the effect of adding ice mantles which correspond to
using 20% of the available oxygen (corresponding to Aa = 50
A) to the MRN distribution of grains for the three cases of
nebular optical depths. Note that a deep ice band (minimum at
~3.08 um) arises naturally in regions where 7 > 1 owing to the
wavelength dependence of the albedo. In the optically thin
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FiG. 6—Plot of surface brightness intensity (W cm ™2 yum ™! s~ !) vs. wave-

length (um) for the MRN model, at a scattering angle of 60°, for an effective
temperature of the illuminating source of 1500 K. All other parameters in the
standard model remain unchanged. Curves (a), (b), and (c) represent the
optically thick, intermediate, and optically thin isotropic scattering results,
while curve (d) demonstrates the effect of adding foreground extinction [7(2.2
um) = 3.0] to curve (c). Note the resemblance in spectral shape between curve
(a) and those shown in Fig. 5.
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FiG. 7—Plot of surface brightness intensity (W cm ™2 um ™! sr ™ !) vs. wave-
length (um) for isotropic scattering by an MRN distribution of grains
[0.005 < a(um) < 0.25] with 20% oxygen in the form of H,O ice mantles
(Aa = 50 A). Optical depth effects in the nebula are illustrated by comparison
of the optically thick, intermediate, and thin curves ([a], [b], and [c],
respectively). In the optically thin and intermediate cases, the optical depth was
normalized by setting 7(1.25 um) = 0.05 and 0.5, respectively.

limit, the observed intensity is directly proportional to the scat-
tering optical depth. Since most of the ice is on the small grains,
which do not contribute much to the scattering, the ice band is
hardly visible in the optically thin limit. The addition of fore-
ground extinction is required to produce an ice absorption
band for optically thin nebulae. As expected, the ice band
increases in depth with increasing nebular optical depth. A
further point is that the ice influences the reflected spectra only
in the neighborhood of the 3.08 um ice band (see the discussion
on the optical properties of the adopted grain models in § II1a).
Although not shown, when the volume of the ice mantle is
increased, the depth of the ice band increases as expected.

The shape of the ice band varies dramatically between the
MRN and large grain models as shown in Figures 8a and 8b
for isotropic scattering by grains, which contain 100% oxygen
in the form of ice mantles. In Figure 8a, the optically thick and
optically thin MRN models are compared. The effect of scat-
tering through the ice band is not readily apparent in either
case, being masked by the absorption effects in the optically
thick limit and being at a very low level in the optically thin
case. Curve (¢) demonstrates the effect of adding foreground
extinction to the optically thin case. The absorption by water
ice produces a minimum at 3.08 um in this case as well as in the
optically thick situation. In Figure 8b, a similar comparison is
made between the optically thick and thin limits (curves [a]
and [b]) and the addition of foreground extinction to the opti-
cally thin case (curve [c]) for the large-grain model. The effects
of scattering by water ice mantles (i.e., the 2.9 um feature) is
quite evident in all the curves for the large-grain case. The
addition of large amounts of foreground extinction shifts the
ice band minimum back to 3.08 um but leaves a pronounced
wing at 2.9 um.

We conclude, therefore, that the ice band produced in a
scattering nebula differs considerably from that produced by
foreground extinction. Small grains in an optically thick
nebula produce broader features through the 3 um region
(relative to those produced by absorption from intervening
material) with a very weak feature at 2.9 um, while large grains
always produce features around 2.9 um. Even with large
amounts of foreground extinction, this will be discernible as a
wing on the 3.08 um ice band. Thus, one telltale sign of large
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FiG. 8—Panel (a): plot of the shape of the 3.08 um ice band in the reflected
light by a distribution of MRN grains [0.005 < a(um) < 0.25] with 100%
oxygen in the form of ice mantles (Aa = 145 A). Optical depth effects can be
seen through comparison of the optically thick curve (a) to the optically thin
curve (b). Curve (c) demonstrates the effect of adding foreground extinction
[7.(3.1 um) = 3.0] to curve (b). Panel (b): plot of the shape of the 3.08 um ice
band in the reflected light by a distribution of large grains
[0.225 < a(um) < 0.8] with 100% oxygen in the form of ice mantles
(Aa = 2600 A). In (a) and (b), we show results from optically thick and thin
nebulae, respectively, while (c) represents an optically thin nebula with fore-
ground extinction normalized such that (3.1 um) = 3.0. The same dust model
was used for both the nebula and foreground extinction. Note the significant
differences in the shape of the ice band between the MRN grain models (a) and
the large-grain models (b). This can be used as an effective probe in the deter-
mination of grain sizes in infrared reflection nebulae.

icy grains in reflection nebulae is the presence of a feature near
2.9 ym.

d) Effect of Varying the Scattering Angle

For isotropic scattering in a semi-infinite slab, all effects due
to geometry (i.e., scattering angle) are contained within the
o HWH (o)1 + po)~* factor as shown in Figure 9 (see § Ila).
For our range of interest (wy < 0.7), this function varies by a
factor of 2 when y varies from 0.05 to 0.9. Note that an edge-on
geometry (u = 0) is not defined within the context of a semi-
infinite slab. In the optically thin case, the geometrical effects
are due to the increased path length through the slab. Again,
for an edge-on geometry, the intensity depends on the length of
the slab, not the thickness, and is thus not defined. For an
optically thin slab, the intensity is a measure of the total
column density along the line of sight. For an optically thick
slab, assuming u = 0.5 introduces an error of less than 25%.
Conversely, this implies that the geometry cannot be easily
determined from intensity measurements alone.

In realistic grain models, scattering will be nonisotropic.
This introduces a second angular dependence in the intensity
of the scattered light. For grains that are small compared to the
wavelength of light (2ma/A < 1), this dependence is given by the
well-known Rayleigh scattering law (C,, ~ 1 + cos® ¢, where
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which is plotted here vs. u. Four combinations of incident scattering angle, p,,
and albedo, w, are shown. This figure shows that the effect of geometry is
slight for the range of interest in this work (w, < 0.7).

¢ is the scattering angle defined as 180° — [0 + 6,]). For single
scattering nebulae, this effect can be easily studied by replacing
the albedo in equation (13) by (4n/C,,)dC,./dQ). In the opti-
cally thin limit, this results in equation (18). Figure 10 shows
the differential scattering cross section for the MRN and large-
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F16. 10.—(a) Differential scattering cross section across the ice band for the
MRN case. The three scattering angles shown (30, 60, and 90°) have very
similar wavelength dependences; thus, geometry will have little effect on the
shape of the ice band in the scattered light. (b) Differential scattering cross
section across the ice band for the large-grain case. Three of the four scattering
angles shown (forward scattering; ¢ = 180° — (0 + 0,) have very similar wave-
length dependences, while the backscattered curve shows that the large grains
are close to the Rayleigh limit at the long wavelengths. Again, geometry will
have little effect on the shape of the ice band in the scattered light.
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FI1G. 11—Plot of surface brightness intensity (W cm ™2 um™! st™%) vs. ¢
(degrees) for optically thin, nonisotropic scattering. Solid and dashed lines
represent an MRN and large grain distribution, respectively, with 20% oxygen
in the form of H,O ice mantles. Two wavelengths are shown in the case of the
MRN grains, in the depth of the ice band (3.07 um; curve [b]) and in the
continuum (3.42 um; curve [c]). For the large grains, these coincide (curve [a]).
Note that most of the increase at large angles is due to the increase in column
density (see Fig. 9) rather than the angular dependence of the differential
scattering cross section (see Fig. 11).

grain case. The grains in the MRN model are much smaller
than the wavelength in the near-infrared, and thus the scat-
tering has a Rayleigh character (forward and backward throw-
ing angles yield the same dC,,/dQ). In contrast, in the
large-grain case, scattering becomes distinctly forward throw-
ing at the shortest wavelengths (Fig. 10b). This has, however, a
comparatively small effect on the scattered intensity. Figure 11
shows the scattered intensity of an optically thin nebula as a
function of the scattering angle ¢ for two wavelengths (the
depth of the ice band and the nearby continuum). Most of the
observed variations with scattering angle are actually due to
the increased path length for a thin slab of constant thickness.
Thus, given the other unknowns (e.g., size distribution), the
isotropic assumption seems justified, except perhaps in the

large-grain case at the shortest wavelengths. Figure 11 also
demonstrates that the shape of the ice band, in the scattered
light, will not depend on the scattering angle.

e) Polarization

Another means of distinguishing between grain sizes
involves the use of polarimetry. Figure 12a shows that for
large scattering angles (6 > 30°), the variation of percent
polarization with scattering angle is a means of distinguishing
between grain sizes. The relatively small grains in the MRN
model display typical Rayleigh behavior [P(¢) = (1 — cos? ¢)
(1 4 cos? ¢)~1; ¢ = 180° — (6 + 0,)] in that the polarization
reaches nearly 100% at 90°. For the large-grain model, scat-
tering is less Rayleigh in character, and the maximum amount
of polarization is therefore considerably reduced (<35% for
the large-grain case).

The variation of polarization with wavelength for a fixed
scattering angle (60°) is shown in Figure 12b. At the shortest
wavelengths, the grains in the MRN model become compara-
ble to the wavelength and the degree of polarization drops
from that expected for Rayleigh scattering. For the large-grain
model, this is true for all wavelengths shortward of 5 um. Note
the strong ice band signature in the P(4) curve for the large-
grain model. Variations in the degree of polarization with
wavelength arise because i, and i_ have a different phase lag
dependence when the phase lag, p, is 2 1. Close to a resonance,
where the index of refraction, m, varies rapidly as a function of
wavelength, this shift will appear as a pronounced structure in
the polarization curves. Such a shift does not occur when p < 1
(i.e., Rayleigh scattering), and the effects are not pronounced
for the MRN case. For small scattering angles (8 < 30°), the
maximum amount of polarization is only ~20% even in the
Rayleigh limit, and thus the expected differences between grain
sizes may not be readily apparent at these angles.

The variation in the polarization across the ice feature is
related to that in the differential scattering cross section. Both
reflect changes in the scattered irradiances with wavelength
(see eqgs. [28] and [29]) or more precisely, with p. However,
while the differential scattering cross section reflects the sum of
the perpendicular and parallel scattering irradiances, since
these irradiances are very similar in amplitude, the polarization
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F1G. 12.—(a) Polarization vs. scattering angle for the MRN and large-grain models at 2.2 yum. MRN grains show a polarization behavior typical for the Rayleigh
regime (i.e., 100% polarized at 90° and 0% polarized at 0°). In contrast, the large grains show a considerable departure from the Rayleigh behavior, and this may be
another way of distinguishing between the two grain models. (b) Polarization vs. wavelength for the MRN and large-grain models at 60° scattering angle. Both
models have 20% oxygen in the form of ice mantles on the grains (Aa = 50 and 800 A, respectively.) Note the pronounced structure in the 3 yum region for the large
grains, which may provide a diagnostic for scattering by large grains. (c) Polarization vs. wavelength across the ice band for the large-grain model. At all three
scattering angles shown, excess polarization across the ice band is apparent above the continuum. While, as for the continuum, the peak polarization is sensitive to

the geometry, the shape of this feature is not.
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is actually dominated by their difference. As a result, the “ice”
feature, in the differential scattering cross section and polariza-
tion curves, has a somewhat different shape (see Figs. 11 and
12¢).

Multiple scattering within a nebula may reduce the degree of
polarization somewhat. White (1979) concluded that in opti-
cally thick, plane-parallel slabs with grain albedo of ~0.5, the
degree of linear polarization is only reduced by ~20% from
that of single scattering. Even for an albedo of ~0.7 (the largest
albedo in our large-grain case), the degree of polarization
remains ~60% of the amount produced by single scattering.

V. MODELING REFLECTION NEBULA IN ORION

a) Orion Molecular Cloud 2

The infrared cluster in OMC-2 is a 2!5 x 30 region of infra-
red and molecular emission located about 12’ northeast of the
Trapezium. Gatley et al. (1974) showed that at 2.2 ym, OMC-2
contains five point sources embedded in extended emission.
The total far-infrared luminosity for OMC-2 is 2100 L, into a
3!5 beam (Thronson et al. 1978). The extended emission adjac-
ent to OMC-2 IRS 1 is the prototype of an infrared reflection
nebula in a low-mass star-forming region (Pendleton et al.
1986). We have observed the IRS 1 region from 1-100 ym
through a complementary program of photometry, polari-
metry, and spectroscopy. Near-infrared photometry of three
positions in the nebula located along a northeast line extend-
ing radially outward from the illuminating source, IRS 1,
showed that the nebula is fairly uniform in brightness and
color (Pendleton et al. 1986). The 3.1 um ice feature appears in
absorption in the spectra of all points observed in the nebula.
The illuminating star, IRS 1, is deeply embedded in the dense
and warm OMC-2 molecular cloud (n ~ 10° cm™3; T, ~ 25
K ; Batrla et al. 1983). This object is likely to be a protostar. CO
observations show high-velocity wings, indicative of stellar
mass loss in this area (Fischer et al. 1985), and therefore a
geometry as sketched in Figure 1 seems indicated.

The parameters in our standard model, listed in Table 1,
were chosen to represent the physical parameters in the
OMC-2 IRS 1 region (L = 500 Lg; T, = 800 K). For simpli-
city, we have used a value of §, = 0 and a value of 8 = 75°, the
latter chosen to illustrate the overall fit to the intensity (see
discussion below). The distance of the nebula from the source
was taken to be the projected distance on the sky. As discussed
in § IVd, geometry does not influence the shape of the reflected
spectrum significantly. Of course, a change in the geometry
may lead to a change in the absolute flux level through the
accompanying increase in column density.

We have modeled one of the positions in the IRS 1 nebula
for which we had photometry, spectroscopy, and polarimetry
data. The analysis of the OMC-2 IRS 1 nebula was conducted
in two parts. First, the broad-band 1-5 um data were fitted for
a position in the nebula located 5”E, 5"N of the illuminating
source, IRS 1. Second, the depth of the observed ice band was
fitted by varying the amount of ice on the grains.

Figure 13 compares two model fits of optically thick nebulae
to observations of the OMC-2 IRS 1 nebula. The solid line
represents the MRN case, while the dashed line shows results
of the large grain model. The models contain 15% and 35%
oxygen in the form of grain mantles, respectively. The broad-
band surface brightness data for a position 5”E, 5"N of IRS 1
are shown together with 2.7-3.4 um spectroscopic surface
brightness data from the NASA IRTF cooled grating spec-
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FiG. 13—Comparison of model results with surface brightness (W cm ™2

um ™! st~ 1) observations of the OMC-2 IRS 1 nebula. The broad-band data
for a position 5"E, 5"N of IRS 1, obtained at the NASA IRTF, are shown by
open circles, with brackets denoting the wavelength coverage. A typical error
bar for the broad-band points is shown for the 2.2 um point. The spectroscopic
data were obtained using the cooled grating spectrometer at the NASA IRTF.
Solid and dashed lines represent isotropic scattering in an optically thick
nebula assuming a distribution of MRN [0.005 < a(um) < 0.25] and large
grains [0.225 < a(um) < 0.8], respectively. The MRN model uses 10% oxygen
in the form of ice mantles (Aa = 30 A), and the large-grain model uses 45%
oxygen (Aa = 1500 A). Note that the assumed blackbody temperature of the
illuminating source (800 K for the MRN model, 1100 K for the large-grain
model) is responsible for the decrease in flux at the shorter wavelengths. The
projected distance on the sky from the source to the position in the nebula was
used in the MRN model; a value 3 times that was used in the large grain
model.

trometer. No additional (foreground) extinction was required
to produce the fits shown in Figure 13. The figure demon-
strates that the optically thick model using the MRN grain size
distribution can adequately reproduce the overall shape of the
energy distribution of the reflected light at the 5”E, 5”N point.
However, as will be discussed below, the geometry implied by
the polarization data will yield an absolute intensity which is
much too small compared to the intensity observed.

A similarly good fit to the overall shape of the intensity and
depth of the ice band can be obtained for the large-grain
model. Because of the slightly different wavelength dependence
of albedo for the large grain model, we had to adjust the spec-
trum of the illuminating source to 1100 K, which is within the
range of uncertainty from our observations. Also, since the
absolute value of the albedo is higher in the larger grain model
than in the MRN model, we have adjusted (increased) the
physical distance between the star and the nebula accordingly
(d,, = 1.6 x 107 cm). The MRN model appears to give a
slightly better fit through the ice band. A small mismatch on
the long-wavelength side of the ice band could be due to the
presence of a low-frequency absorption wing resulting from
carbonaceous impurities in the ice, a common characteristic of
interstellar ices (Tielens 1989). Alternatively, this mismatch of
the ice band might indicate the importance of foreground ice
absorption (see Fig. 8). Note that for an optically thick nebula,
the large-grain model requires more oxygen in the form of ice
than does the MRN case. This merely reflects the different
dependences of the albedo on the ice volume as discussed in
§ 111d.
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TABLE 2
MODEL RESULTS AND OBSERVATIONS FOR THREE POINTS IN THE OMC-2/IRS 1 NEBULA

INTENSITY AT 3.8 um

POINT (x107°Wem™2 um ™! sr™?)
PosiTioN® SCATTERING ANGLE®
(E”", N") POLARIZATION AT 3.8 um® ¢ Observed® MRN¢ Large Grain®®
55 i 13% 30° 3.6 0.9 7.0
8,8 il 25 40 30 0.6 4.5
14,14 ............... 31 45 1.7 0.2 1.8

2 Distance of point east and north of IRS 1.

® Polarization errors + 2% ; intensity errors <10% ; beam size 6".
¢ Scattering angle derived from polarization data using MRN or large-grain model, which give essentially the same result.

Backward-scattering (180° — ¢) angles are equally allowed.

¢ Intensity calculated for an optically thick, nonisotropic model using a star-nebula distance implied by the scattering angle.
© Back scattering assumed; forward scattering would result in somewhat higher intensities and might be consistent with a

more optically thin model.

Table 2 contains polarization observations for three points
in the OMC-2 nebula, located (5"E, 5"N), (8”E, 8"N), and
(14"E, 14"N) of IRS 1. The scattering angle was derived from
the polarization data based upon the two models discussed
here (MRN and large-grain). Both models gave very similar
scattering angles for the observed polarization. Using the true
differential scattering cross section for the models and the dis-
tance to the points in the nebula (as implied by the scattering
angle and the projected distance), the spatial intensity distribu-
tion has been calculated (eq. [17]) for each model (Table 2). As
seen in Table 2, the MRN model fails to produce the observed
intensity by a factor of ~3 at the 5"E, 5"N point and by a
factor of ~ 10 at the 14”E, 14”N point. This is a result of the
fact that the true distance to those points in the nebula is in fact
greater than the projected distance, and the change in the dif-
ferential scattering cross section is not significant enough to
compensate for this. Therefore, since there is no way to
increase the incident light by a factor of 3 (or more), the MRN
model fails to reproduce the absolute intensity. A model based
on larger grains (a ~ 50% larger) will be able to reproduce the
observed absolute intensity level due to the increased albedo.
The large-grain model yields an absolute intensity which is
slightly higher than that observed, which may merely indicate
that the reflection nebula is optically thin.

Likewise, the observed dependence of the degree of polariza-
tion on wavelength also favors the large-grain model. At posi-
tion (5, 5”), the measured polarization varies from 7% at 2.2
um to 13% at 3.8 um (Pendleton et al. 1986). Such variations
cannot be a result of scattering by small grains, since polariza-
tion by Rayleigh scattering is independent of wavelength (see
§ IVe). Multiple scattering effects, which will be more impor-
tant at the shortest wavelengths, may give rise to a (small)
variation in the degree of polarization in an optically thick
nebula (see White 1979). However, the low albedos for the
MRN model make this an unlikely explanation. In contrast,
such a variation in polarization is naturally explained by the
large grain model which shows a greater variation in P(4) than
does the MRN model (Fig. 12b). For example, for a scattering
angle of 30° indicated by the observed polarization at 3.8 ym
(Table 2), we find a degree of polarization of 9.5% and 12% at
2.2 and 3.8 um, respectively.

In summary, we conclude that although the MRN dust
model can provide as good a fit to the observed shape of the
spectrum of the OMC-2 IRS 1 reflection nebula, the absolute
intensity level, and the variation of the polarization with wave-

length imply the presence of larger than normal dust grains
(@~ A/2n ~ 0.5 pm).

b) OMC-1

OMC-1 contains the Kleinmann-Low infrared nebula,
which is considered by many to be the prototypical star-
forming region. This is a region of high-mass star formation
(L ~ 10° L,). Infrared continuum maps show several peaks of
emission surrounded by extended emission (Rieke, Low, and
Kleinman 1973; Wynn-Williams and Becklin 1974; Downes et
al. 1981; Grasdalen, Gehrz, and Hackwell 1981). Werner, Din-
erstein, and Capps (1983) showed that the extended 1-5 um
emission is due to reflection and also that some of the near-
infrared continuum emission peaks are in fact produced by
clumps of material which scatter light from the nearby illumi-
nating sources. The infrared reflection nebula in OMC-1 is the
brightest and most easily studied object of this type and thus is
well suited for tests of the models presented here.

The 3 um ice band has been observed at several locations in
the OMC-1 reflection nebula. A comparison of small-beam (5”)
and large-beam (22”) measurements of BN made by Geballe
(1988) and Knacke et al. (1982), respectively, show that the 2.97
um wing is much more pronounced in the large beam observa-
tions (Fig. 14), thus demonstrating the importance of scattering
and the presence of large icy grains. Indeed, the large-grain
model, with added foreground extinction reproduces the
observed broad beam observations particularly well. Similarly,
the broad 3 um feature with the pronounced 2.9 ym wing
which has been observed in the OMC-1 reflection nebula by
Knacke and McCorkle (1987) is readily explained by our large-
grain model (Fig. 14). The contribution of scattered light in the
large-beam measurements which gives rise to the 2.9 um
feature has sometimes been identified with NH; impurities in
the ice mantles. However, the dependence of the strength of the
2.9 um feature on beam size (Fig. 14) strongly suggests that
NH; is not responsible for the 2.9 um feature. Thus, the pre-
sence of the 2.9 um feature is a good indicator of the presence
of large icy grains, making high spectral resolution of the ice
band in infrared reflection nebulae a good probe of grain sizes
in star formation regions. Spectropolarimetry across the ice
band can test further for the presence of large grains. We
emphasize that most protostars are surrounded by infrared
scattering nebulae, and thus that the 2.9 um feature observed in
other objects probably also demonstrates the importance of
scattering. Furthermore, we emphasize that the presence of a
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DATA FROM KNACKE et al. (1983, 1987) AND GEBALLE (1988)

FiG. 14—Comparison of our models to two regions in OMC-1. The points
in (a) show the ice feature in the BN object observed by Knacke et al. (1982)
using a 25” beam. Flux level has been adjusted arbitrarily in this comparison to
highlight the differences in the shape of the ice band region. Solid line rep-
resents our model of the large grain case with 100% oxygen in the form of ice
mantles and 7,(3.1 um) = 3.0. Points in (b) show the ice feature in a region
10”N of the BN object observed by Knacke et al. (1982) using a 4” beam. Solid
line represents our model of the large-grain case with 100% oxygen in the form
of ice mantles and 7, = 2.5. In both models, the optical depth of the scattering
nebula was normalized to 7(1.25 um) = 0.05. Curve (c) allows comparison of
two sets of BN data; open circles are data obtained using a 25” beam (Knacke
et al. 1982) and filled circles are 5” data (Geballe 1988). Flux levels have been
selected arbitrarily in order to demonstrate the differences in the shape of the
ice band.

scattering nebula will also affect the relative strength of
absorption features at different wavelengths, because the actual
path length of the light may differ. For example, the column
density of H,O ice implied by the 6.0 um OH bending mode is
generally larger than that derived from the 3.08 yum OH
stretching mode. A similar discrepancy exists for the observed
strength of the CH stretching (3.5 um) and deformation (6.8
um) modes of CH;OH (Tielens et al. 1989).

Rouan and Leger (1984) have analyzed the intensity and
polarization of the reflected light from the scattering clump
IRC-4 in OMC-1 and concluded that the scattering grains are
larger than grains in the diffuse interstellar medium. The grain
size derived by them is somewhat smaller than that from our
analysis of the shape of the ice band. Indeed, the grain albedos
derived from the observations (Werner, Dinerstein, and Capps
1983) at 2.2 and 3.8 um, (0.4 and 0.25, respectively), fall halfway
in between our MRN and large-grain cases (see Fig. 4b). Like-
wise, the observed wavelength variation of the polarization
(30% at 2.2 um and 41% at 3.8 um; Werner, Dinerstein, and
Capps 1983) is readily explained by large grains (see Figs. 12a
and 12b). Alternatively, the variations in the degree of polariza-
tion with wavelength could be interpreted as a variation in the
average scattering angle due to optical depth effects (Rouan
and Leger 1984). However, the observed variations are so large
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that a highly elongated cylindrical geometry (aspect ratio 1:5)
is required, which seems somewhat contrived.

The presence of large icy grains in the BN KL nebula is
somewhat surprising, because previous studies of BN have
concluded that the icy grains along the line of sight toward BN
are small (~1500 A; Hagen, Tielens, and Greenberg 1983b).
This was based on a comparison of the shape of the ice band in
absorption and (dichroic) polarization. Given its large-scale
polarization structure, the dichroic polarization arises in a
foreground “sheet” of ice grains (Burton et al. 1988), which
may not have grown to the same size as those in the high-
density BN KL region (Tielens 1989). The dominance of
smaller (ice) grains at larger distances from BN is also indi-
cated by the relatively high continuum polarization observed
(up to 40% at 3.8 um), indicating typical sizes of the scattering
grain of less than about 3000 A. It is clear that further spectro-
scopic and polarimetric studies across the ice band are
required to disentangle this complex source.

VI. SUMMARY

In these models of infrared reflection nebulae, a simple
geometry is used in which a plane-parallel slab of material is
illuminated by an infrared source. The model uses the Mathis,
Rumpl, and Nordsieck (1977) power-law distribution of silicate
and graphite grains which are coated with water ice, and a
second, large-grain model with the same power-law slope but
significantly larger grains. The largest grain core radius in the
MRN model is 0.25 um, while the largest grain core radius in
the second model is 0.8 ym. Based on our parameter space
study of infrared reflection nebulae and comparisons to obser-
vations, we conclude the following:

1. For isotropic scattering, in the optically thick limit the
intensity follows the albedo of the grains, while in the optically
thin limit the intensity is proportional to the scattering optical
depth.

2. For isotropic scattering in a semi-infinite slab, all effects
due to geometry are contained within a function which varies
by no more than a factor of 2 for albedos <0.7. Therefore, the
effects of geometry are relatively unimportant.

3. These results demonstrate that in the MRN model, the
3.08 um ice band observed in reflection nebulae can arise from
icy grains in the nebula without the aid of absorption from
intervening material, as long as the nebula is optically thick. In
general, the overall shape of the ice band is influenced strongly
by the size of the grains and the amount of ice present. If the
feature is dominated by absorption (as in the optically thick
MRN case or when foreground material contributes), the ice
band minimum will occur at 3.08 um. When scattering domi-
nates the feature, the minimum is shifted shortward to ~2.9
um. A signature of the presence of large grains is therefore the
appearance of a wing on the ice band at 2.9 um. The presence
of a scattering nebula will also affect the relative strength of
absorption features at different wavelengths, such as the 3.08
and 6 um H,O bands and the 3.5 and 6.8 um CH;OH bands.

4. The overall shape of the near-infrared spectrum of the
infrared reflection nebula in OMC-2 is characterized by a turn-
over at the shortest wavelengths owing to the spectrum of the
cool illuminating source and is adequately fit by either dust
grains of the order of typical interstellar grains (i.e., MRN) or
larger grains (a ~ 5000 A).

5. We have modeled the reflection nebulae in OMC-1 and
OMC-2 and suggest that large grains (a ~ 5000 A) contribute
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significantly in these regions based on the presence of the 2.9
um scattering wing on the 3.08 um ice band in OMC-1, and on
the wavelength dependence of the polarization and the absol-
ute intensity of the scattered light in the OMC-2 nebula.
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